Introduction
Biology today is in the throes of a major conceptual upheaval. Although this is not generally recognized by biologist himself, the situation should be clear enough to the historian. Molecular biology has been the guiding influence in biology for the past two decades or so, but the ethos it generated is now effectively spent. Molecular biology no longer gives the science a creative, directed thrust. Symptoms indicative of "conceptual malaise" are there. The molecular biologist proclaims the millenninm--all fundamental problems are now solved; what remains is the working out of details [t ] . (The similarity between this and Lord Kelvin's famous assessment of the state of physics near the turn of the century is remarkable). Many if not most of the noted molecular geneticists are casting about for "new directions"--this despite the fact (I would claim) that some basic questions in genetics have yet to be succinctly framed, not to mention answered. Then too, there is a strange conceptual malleability to today's biologist; he is easily, almost willingly, guided in his scientific value judgments by forces outside of science--the movement toward "relevant" biology in the United States being the best example. As the historian knows, these symptoms all characterize an ethos that can no longer sustain the advancement of a science [2] . At this point the reader may wonder why I have chosen to indroduce the genetic code in such a way. What has it to do with these considerations ? Answer--It is an important facet of this very problem. Not only does one's approach to the genetic code--how one defines it, which of its aspects are recognized as important, etc.--turn upon one's basic view of biology, but, if I am correct, the genetic code is one of the areas in biology * Adaptation of a lecture delivered to the IVth meeting of the Institute de la Vie, hold in GOttingen, May, 1972 that will play a major role in creating a new, productive view of the science. This makes dissection of the conventional view of translation a desirable, even necessary, prelude to any comprehensive discussion of the genetic code. The modern geneticist's view of gene expression is strongly influenced by two notions--" primacy of the gene" and "templating". Neither is solely the product of the molecular era in biology, though both have been refined and dogmatized therein. "Primacy of the gene" is a dominant theme in the writings of H. J. Muller. It is the idea that the genotype is somehow primary t o --causal to, more fundamental than--the phenotype. Two arguments support the notion. (a) Removal of a genotype results in loss of the corresponding phenotype, Mthough the reverse is not true. This is, effectively the molecular geneticist's "central dogma" [t] : (b) And it seems impossible to avoid concluding that a genotype must have preceded its corresponding phenotype evolutionarily [3, 4] . The first argument is anthropocentric. Granted, removal of a genotype causes loss of a phenotype, but not immediately. And while removal of a phenotype does not cause immediate loss of a genotype, it nevertheless does so eventually--mntations ultimately (quickly in an evolutionary sense) "erode" the pattern of any genotype whose phenotype is not maintained by selection. Thus, removal of either a genotype or a phenotype leads to loss of the corresponding property. The difference lies in the time constant, "long" by man's standards in the one case, not in the other. The evolutionary rationale, that the genotype preceded the phenotype, was a reasonable assumption before we knew the exact nature of the genotype---i.e., while there was still room to assign a" primitive" phenotype to the naked gene. We now know a genotype to have no characteristic phenotype.
We have to come to a full realization that the genotype and phenotype are patterns (through which atoms flow). One pattern creates the other and vice versa; one cannot exist for an appreciable time without the other. The evolutionary question here is not which one came first, but rather how the genotype-phenotype relationship arose. The "templating" notion also has old roots, going back to the lock-and-key models for enzyme specificity proposed before the turn of the century [5] . It came into fruition in the carly t940's when Pauling and Delbruck, among others, refined the notion, expanded it to encompass templating of polymer synthesis, and gave it legitimacy through the use of quantum mechanical argumentation [6] . Despite its quantum mechanical trappings, "templating" bespeaks classical physics. And it suffers from the same weakness. It is too static (c. f., Whitehead's distinction between a universe seen as a procession of forms--the view of classical physics--and one seen as forms of process). The more specific problems with templating will be encounted below. There can be no doubt that primacy of the gene and templating were most useful paradigms in developing our view of the gene to its present state. The WatsonCrick model for gene replication (and structure) is the grand tribute to this mode of thought [7] . By invoking a very simple, and so primitive, physical-chemical "templating" interaction, one seemingly has hit upon the essence of gene replication and its evolutionary basis. It is not until one turns to gene expression that problems arise. The initial attempts to conceptualize translation, by Gamow, followed along straightforward templating lines. He saw "pockets" in double stranded nucleic acid structure that could recognize and align amino acids [8, 9] . It wasn't long before Crick noted the fallacy in this view, however; it was unreasonable to suppose that nucleic acids could "recognize" amino acids 1. This ostensibly simple comment triggered perhaps the most bizarre turn of events in the history of molecular genetics. For in retrospect what Crick had really done was to bring into question the templating notion as a valid way to conceive translation. What actuaily occurred, of course, was quite different. Templating was never explicitly questioned. Crick, and along with him contemporary molecular genetics, chose to rescue templating by ad hoc postulation of the famous "adaptor"--a molecular prosthesis that enabled the amino acid to be fitted to the template (through base pairing) [11] . The result was a complete dogmatization of the templating view of translation. As we have seen, gene replication has been conceived as a manifestation of the base pairing-stacking interaction. In other words, gene replication has evolved about a simple principle--it has a basic "design". Seeking a basic design for translation was inherent in Gamow's approach. But the adaptor hypothesis (having been "confirmed" by the discovery of transfer RNA) changed all this. That translation, like gene replication, could reflect a simple (and so a priori knowable) fundamental design was now unthinkable. The link between amino acid and tRNA "adaptor" rested in the activating enzyme. And that such an enzyme had to have evolved meant (was interpreted to mean) that the codon-amino acid link was not predetermined. The nature of codon assignments therefore became unrelated to the nature of the translation mechanism. The former were mere "historical accidents". And by implication, the translation mechanism was such an "accident" as well. Henceforth, the translation mechanism would be seen as a molecular equivalent of that American invention the "Rube Goldberg Machine"--a totally incongruous assemblage of parts reflecting no design whatever, and whose only raison d'gtre was that it worked. The most unfortunate consequences of this view were (t) that no serious attempts to deduce the mechanism of translation on theoretical grounds were made throughout the 1950's and t960's; (2) molecular geneticists, who had found so basic a problem in gene structure and replication, failed to see anything of comparable importance in translation (to a man almost, those prominent in early molecular genetics have left field for "more promising" areas of biology) ; and (3) the experimentalist was left with a largely implicit and unproductive paradigm, that lead him to serendipidous and rather unproductive probings of the translation process, approaches that still dominate this field today. In summary then, the molecular view of the gene has lead to a feeling that gene replication and structure are the basic problems in biology, and with the solving of these, the biologist's fundamental probing of the universe ended. Understanding translation becomes merely one of the remaining details. What I will contend herein is precisely the opposite: understanding gene replication is only the first step on a trail to a ]ar deeper undersianding o/ Nature than the biologist now possesses--a trail that leads through the fundamental mechanism of tranlation and on into the deepest question man can now frame, the nature of the evolutionary process.
Origin o/the Codon Assignments
As we have seen, the conventional wisdom of molecular genetics takes the "genetic code", i.e., the codon assignments, to be unrelated to the translation mechanism. And it must be granted that no evidence has so far been uncovered in the translation apparatus that would of necessity link the codon UUU to phenylalanine, as opposed to some other amino acid. However, the catalog of codon assignments does exhibit considerable order--which has to be explained (see Table 1 ). If one accepts a codon assignment to be an historical accident, this order must arise by natural selection. A commonly held belief is that the assignments evolved so as to make amino acid replacements in protein as conservative as possible [15, t 6] . "The code is to a certain extent a 'fail-safe' system ... (Its) regularities ... o/course, are themselves the result of natural selection..." ([t7] , pg. 23) (Italics mine). In brief, the argument proceeds as follows: amino acid replacements, produced by mutational events affecting the underlying codons, are in the main deleterious. Therefore, it would be advantageous for a mutation that altered a codon to alter its "meaning" as slightly I have also argued that an evolution of this sort for the codon assignments was ruled out on grounds of the statistical impossibility of passing from a random (or differently ordered) configuration of the codon assignments to the present one merely by reassigning codons in a nearly random fashion--i, e., there was virtually a unit probability that tile set of codon assignments would reach/ar less ordered configurations along the way from which it could not emerge, there being no selectively advantageous way to do so [t8]. Finally, note that the mechanism postulated for evolving the codon catalog in this case, i.e., reassignment of amino acids from one codon (group) to another, has no evidence to support it--a point to which we shall return below. (Admittedly some of the properties of tRNA suppressors ostensibly suggest means by which codon assignments might become altered. But the fact remains, codon assignments are universal today and probably have been for at least a billion years. Hence, I doubt very strongly that Nature has at its command a method for altering codon assignments in any of the living forms familiar to us [19] .)
The above I would call a "classical" model for generating the form of the codon catalog. In keeping with tile "molecular ethos", the codon assignments are considered in complete isolation. So we return to the starting point of this section; the biologist is simply not asking whether the nature Of the primitive translation apparatus acted to shape the form of the catalog.
Whether the primitive translation apparatus shaped the codon catalog is not actually the issue. It is hozv. For in no way can an influence of the primitive translation apparatus on the catalog's form be avoided. Today's translation apparatus did not spring full blown upon this earth. Its complexity demands it to have passed through numerous primitive evolutionary stages, each simpler (and probably smaller therefore) than its successors. Any machine in the early stages of its design will function far less accurately than in its later stages, by virtue of its smaller size alone (not to mention its relative simplicity) [20] . (One bolsters this argument in the present instance by pointing out that initially translation had to occur without benefit of protein components of the sort with which we are familiar--since all the present ribosomal proteins, etc., had to evolve, had to have a preexisting translation apparatus in order to evolve.) Thus, at very least, the "noise" in the primitive translation apparatus (which noise must have been structured) placed severe limitations on what configurations of the codon catalog were selectively advantageous [2t] . Some of the order in the codon catalog today obviously does manifest characteristics of the translation mechanism; the U/C and A/G degeneracies seen in the III codon position (Table 1 ) reflect a corresponding degeneracy in the codon-tRNA interaction [22, 23 ] . While this could account for why certain codons are grouped together, it explains neither the fuli extent of the ordering of codons assigned to any given acid nor the ordering of codons assigned to related amino acids. Thus, we must consider what characteristics of a primitive translation apparatus might produce a codon catalog that (nearly) maximizes conservative amino acid replacements. In spite of the fact that base pairing seems a highly specific process, I would argue that a high frequency of codon misreading occurred during primitive translation. In addition to the above general argument, we have the very real specific problem of the G-,. U (and possibly U-..U and C... U) base pairs, all of which make for misreading. The G--.U pair occurs today in a variety of RNA double-stranded structures and, of course, in the interaction between the III codon base and the anticedon [24--26] . (The latter phenomenon may even have its genesis in the impossibility of evolving a translation mechanism free of misreading in the III codon position [t 8, 27 ].) If a primitive translation apparatus misreads codons with a high frequency (and could not evolve a better device to correct this situation directly), it could still improve the reliability of information transfer by evolving the proper error-correcting, or error-minimizing, code (which might in turn permit evolution of a better decoding mechanism, and so on). In other words, the proper code could minimize the phenotype consequences of codon misreading. Such an error-minimizing code might be expected to show three features (similar to the above discussed classical model, which minimizes the consequences of mutational errors) : (t) codons most readily mistaken for one another would, as far'as possible be assigned to the same amino acid; (2) the remaining mistaken codons would be assigned so that as many conservative amino acid replacements as possible resulted from misreading; and (3) those codons least subject to misreading would be assigned to those amino acids most critical in protein structure and function
[28].
These three features do characterize the (low level) noise that occurs in translation today. In other words, (t) the most error-prone position in the codon, III, is also that position manifesting almost all of the degeneracy in codon assignments. (2) A base change in the I codon position, the next most error-prone, more often than not changes the assignment of the codon to one for a "related" amino acid---occasionally leaves the assignment unchanged. And (3) the least error-prone codons, those with purines in the II position, are assigned to the most important amino acids (see Table 1 ) [t8, 22, 29--3t] .
Although it is a more appealing genesis for the codon assignment than the strictly classical approach, I feel the present model does not go to the heart of the problem. It has been presented largely for its heuristic vahe--demonstrating, in a basically classical fashion how characteristics of a primitive translation apparatus could give rise to an ordered codon catalog, possessing the property of optimizing conservative amino acid replacements. The model still retains that objectionable mode for generating new assignments, reassigning codons ~. More importantly perhaps, the model does not deal with the central issue, how codon assignments arise in the first place, and the nature of such archetypal assignments.
As we have seen, biologists generally agree that the codon catalog today (nearly) maximizes conservative amino acid replacements. Also we have seen that one's immediate tendency in this case is to derive the catalog by selection specifically for this property (which the two models discussed have done, one on the genotypic, the other on the phenotypic level). The question I would now pose is whether the property of optimizing conservative repla cements can arise without specifically selecting for it. Herein, I feel, lie the clues to the true nature of the problem before us.
What do we mean when we say that valine and isoleucine, for example, are "conservative replacements" one for the other ? Simply that in the context of protein structure and function these two amino acids can often be interchanged without altering significantly the critical properties of a protein. In other words, in this context valine and isoleucine are virtually indistinguishable; they are mistaken for one another. Put this way, we see immediately that those amifio acids producing conservative replacements in protein sequence would tend to be the very amino acids that are readily mistaken for one another by a biological recognition device. I have argued above that in the early stages of a machine's design, it is bound to have a higher noise level than in its later stages. If one uses electronic (e. g., a radio set) rather than mechanical analogies, one readily appreciates that problems of noise and those of discrimination go hand in hand--i, e., the tolerances within which the device functions narrow, the discriminations it is capable of making increase, as its design is "improved". In the specific case at hand I would again reinforce the argument by reminding the reader that the earliest versions of the translation apparatus had to be designed from nucleic acid components (plus perhaps a class of proteins produced nontranslationally). While this does not mean the device had no capacity to discriminate among amino acids, it does mean its capacity to do so was rather limited. In this way we arrive at the realization that the archetypal translation apparatus must have discriminated among amino acids and probably codons as well (see discussion above) only by general type. It lacked the ability to recognize individual amino acids and codons.
(It still lacks the ability to distinguish between certain codons, i.e., those with U vs. C in the III position.) Thus, instead of codon assignments as we now know them, the primitive mechanism utilized what can best be described as "group codon assignments"--classes of "related" amino acids assigned as a whole to classes of "related" codons as a whole. While the total number of kinds of amino acids processed by such a mechanism could have been large far in excess of the twenty now encoded~the total number of distinguishable amino acid (and codon groups) was very small [t 8, 281 . A corollary to group codon assignments of course, is a class of proteins the biologist has yet to recognize in Nature--" statistical proteins". A statistical protein--i.e., the set of proteins produced by translating a ~ven gene~oes not have a unique primary structure.
Rather it comprises a collection of primary structures each one different from any other in the set, yet each an approximate, a "sloppy", translation of the gone by today's standards [18] . At first sight statistical proteins might appear to have no value. How could a protein having no unique sequence be expected to have a unique function--in fact any function at all ? I would contend that the biologist today deals with something that is in many ways a statistical protein. It is gamma globulin--a set of proteins all (or most) of which are related, but not identical, in both primary structure and function.
Granted, these are not synthesized in the manner of a statistical protein, nor would one expect a statistical protein to exhibit the sharp specificities seen in some of the gamma globulins of higher vertebrates. Yet, total gamma globulin (especially that in the lower vertebrates [32] ) is enough of a "statistical protein" to give one the feeling that such an entity in primitive cells could exhibit particular catalytic function and at least low specificity, What the above line of reasoning clearly says is that the essence of the evolution of codon assignments lies in refining, in creating discrimination within, a small archetypal set of group codon assignments. Thus, our concern is not with a trivial evolutionary shifting of codons about from one amino acid to another (nntil ' some "optimal" catalog is reached). The actual problem is one in evolutionary emergence of a specificity. And all of the ultimate answers lie in the mode of evolution of the translation apparatus. The general pattern to the evolution of codon assignments should now be apparent. The original group assignments were inherent in the archetypal translation apparatus, being determined by nucleic acid-amino acid interactions (see below). The advent of statistical proteins either permitted or otherwise lead to the evolution of an improved translation apparatus. I think we can say two things about this initial improvement: (t) it necessitated a significant increase in the' size of the mechanism [201, and (2) initially the changes introduced largely involved nucleic acid components. Improved design meant for the most part greater capacity to discriminate among amino acids and/or codons. In other words, one or more of the group codon assignments became refined into subgroups. This increased resolution permitted evolution of a new generation of statistical proteins, ones with narrower variety in their compositions and perhaps of increased size as well [3~] . A new class of proteins ultimately meant further improvements in machine design (either through direct association of some of these with the apparatus or through their permitting evolution of more complex RNA components). Still finer discriminations among amino acids and codons then resulted, and so on. The final outcome of this evolutwnary course is what we see today, codon groups refined to the point that each is assigned to no more than a single amino acid [t8, t9, 28] .
You will note that such an evolution does not involve a reassignment of codons from one amino acid to another. Instead, the codon and amino acid groups are refined.
In that the primitive translation apparatus (and so the primitive cell) made no significant distinctions among the amino acids within a given group to begin with, subdivision of the group into distinguishabie subgroups cannot produce an appreciable selective disadvantage --such as would occur were a codon to be reassigned from one amino acid to another. An important question that remains unanswered in this case is the extent to which the final codon assignments are deterministic. Since aboriginal group assignments are taken to be deterministic, the matter turns upon whether the refinement of a group assignment into subgroups can occur in more than one way. This question is actually a facet of a more general biological problem--whether there are distinctions inherent in "primitive" interactions that become manifest only in the context of highly evolved systems ("macroentities"). The problem is basic to one's entire view of evolution. At this point it is useful to examine the possibility that nucleic acids can discriminate among amino acids and a statement made above that relates to this. As the reader will recall I stated in effect that a form of the codon catalog reflecting a (primitive) recognition device that discriminated poorly among amino acids would perhaps be indistinguishable from the form of a catalog designed to (nearly) maximize conservative amino acid replacements. For the latter catalog, relatedness is defined in the context of protein structure and function, while for the former it is defined in a context that includes heterocyclic bases. Consequently, one might distinguish the two possibilities iI one can define "related" sufficiently well in the two contexts.
From what we know of the details of protein structure and function the following amino acids seem to be related:
(t) Leucine, isoleucine and valine are all similarly hydrophobic, and under many circumstances methionine and phenylalanine behave similarly [17] . All of these possess related codons (see Table 1 ).
(2) The aromatic amino acids, phenylalanine and tyrosine, and occasionally tryptophan tend to be interchangeable. The first two possess related codons. Two amino acids that one might expect to be similar in tkfs context that do no~ possess 1-etated codons are glutamine mad asparagine. Hisiidine, though a basic amino acid (in the acidic pH range) is sufficiently unique that one is loathe to classify it as related to any other (its codons are similar to arginine codons). Cysteine is also unique, being essential in various active sites and in producing the cystine covalent bridges It 71. Proline too, is in a class by itself, Some time ago we attempted to define amino acids in terms of their interactions with heterocyclic bases by the simple device of paper chromatography in pyridine or pyridine-like solvents [34] . I will not go into details here, except to say that each amino acid was characterized by its "polar requirement", the slope of the straight line resulting when log R~ for that amino acid is plotted against mole fraction of water in the pyridinewater solvent. Granted this is a unidimensional measure of amino acid-heterocyclic base interactions, and as such could not characterize the full extent of these interactions. Nevertheless, polar requirement turns out to be all interesting measure--as Table 2 shows. Defining as related those amino acids with similar polar requirements, one sees a correlation between amino acids related in this way and amino acids related by codon assignment. Note the following: (t) valine (GUX codons), methionine (AUG), isoleucine (AUX), leucine (CUX, UUpur), and phenylalanine (UUpy) are related, as are all the aromatic acids. (2) More striking perhaps is the nearly constant and characteristic polar requirement for the amino acid group comprising serine, proline, threonine, and alanine---a group unrelated by the conservative replacement criterion, but related by codon assignment. (3) Amino acids whose codons differ only in the III position (in which base changes usually yield no change in amino acid assignment) tend to be totally dissimilar amino acids by conservative replacement criteria--i, e., cysteine-tryptophan, histidine-glutamine, and asparagine-lysine. However, in each of these cases the amino acid pairs exhibit a nearly constant polar requirement [34, 35 ] .
To extend this analysis somewhat note ( Table t) that those amino acids with the simplest side chains are nearly all confined to the left-hand two columns of catalog. The constant polar requirement characterizing each column suggests that a codon assignment is determined for the most part by the central base of the codon (or anticodon). The most hydrophobic amino acids among these "simple" ones (first column of Table t) are associated then with the anticodon base A, the most hydrophobie of all bases. Using a substituted pyridinepyridine solvent system that discriminates sharply among the amino acids within this group, one can even show a monotonically increasing polar requirement in passing from phenylalanine to leucine to isoleucine to methionine to valine ([341, and unpublished results) . This defines an ordering of the corresponding I position anticodon bases identical to their ordering by decreasing hydrophobicity a. The more complex amino acids (right-hand half of Table 1 ) would then seem to have their codon assignments determined by two or three bases. In these cases it is more difficult to say what properties of the bases correlate with properties of the amino acids. I will note, however, that glycine (GGX codons) is associated with the anticodon base C, the least hydrophobic of all bases.
One point the data of Table 2 strongly reinforce is that a eodon catalog (nearly) maximizing conservative amino acid replacement is no proof that assignments have evolved specifically to do this. At the same time, the data lend credibility to the idea that the catalog reflects amino acid-heterocyclic base interactions~ Initial experiments concerning physical interactions between amino acids and mono and oligonucleotides are somewhat promising in that binding constants are a function of amino acid and base compositions as well as of nucleotide sequence [37, 38] . However, as will become apparent below, the type of oligonucleotide important in this respect may be somewhat more complex than those so far examined.
Nature and Evolution o/ the Basic Translation Mechanism
What I have maintained above is that the key to evolution of codon assignments lies in the evolution of the translation apparatus. In the past the problem of evolving a translation apparatus seemed almost insurmountable. The number of kinds of components alone is staggering--tRNAs (about 50), ribosomal proteins (about 50), a variety of protein "factors", and activating enzymes (about 20), not to mention ribosomal RNAs. As I have said, the molecular geneticist assumes this complex mechanism to have no basic design. It is rather that collection of historicM accidents I call a molecular Rube Goldberg machine. For the molecular geneticist the mechanism of translation is not in principle deducible a priori. His experimental approach is that of an exhaustive cataloging of the properties of all its parts. (In addition there seems to be an implicit assumption that we are dealing here with a loosely coupled system--as evidenced by the general tendency to assign particular functions to particular parts and to prove such assignments by Mtering or deleting the suspected part.) The templating paradigm has left its mark in more specific ways as well. Since it is a static view, movement in translation (i. e., the tape-reading feature) has to be introduced in an ad hoc fashion, and so appears not to be fundamentM ~. Since the tRNA "adapts" the amino acid to the template, the adapted amino acid (charged tRNA) also becomes static; it is a "building block" processed by a machine. The ribosome is that machine. As evidence for this interpretation I submit the numerous publications concerning the structure of tRNA, and the frequent use of the passive tense in discussing tRNA in translation, as opposed to the active tense used in discussing the ribosome. It is no wonder that the molecular geneticist tends to view the evolution of translation as a nearly inscrntable and not very important series of historical accidents, unrelated to the rest of biology. If indeed the translation mechanism is not some hodgepodge of interactions, but has a basic design--i.e., represents the elaboration of a simple mechanism--then an understanding of the modern mechanism should reveM the essence of its evolution. I would claim that evidence clearly suggesting a basic design to translation can be deduced from the structure of the anticodon "arm" of the transfer RNA molecule. This arm comprises a stretch of t7 nucleotides, the first and last five of which form a double-helical stalk underlying the remaining (middle) loop of seven nucleotides. Note that the anticodon proper constitutes the middle three nucleotides in the seven-membered loop--i, e., it is symmetrically located. Through the use of molecular models, Fuller and Hodgson suggested a conformation for this "loop" of seven nucleotides [3 91.
They reasoned that the most stable conformation would be one in which a maximum number of bases in the loop are stacked upon one another and upon the double-stranded stalk. It was shown to be sterically feasible for five of these seven bases to form a singlestranded coaxial helical extension of one of the chains of the underlying double-stranded stalk, while the remaining two bases served to link the top of this extension to the opposite strand of the double-stranded stalk (Fig. t a) . This conformation places the anticodon at the top of the extension, where it can easily pair with the three corresponding bases in the codon. Symmetry of the anticodon arm allows this structure to be built upon either of the two chains in the double-stranded stalk (compare Figs. I a and b). Given that tRNA is seen as a static entity that is acted ujbon in translation, the attitude taken toward these two structures is perfectly understandable. One has to determine which one of the two is correct, which one is the functional form. It was argued that the + form, Fig. I a, was the correct structure, largely on the grounds that this conformation places at least one (strongly stacking) purine beneath the anticodon in the single-stranded helical extension, while the --form, Fig. I b, would place only (weak stacking) pyrimidines in the comparable position. In other words, the + form would be energetically favored. When one considers this situation, not from the viewpoint of the templating paradigm, but tabula rasa, then "the" structure of the anticodon arm, Fig. t a, does not become an end in itself; rather the structure of the anticodon arm becomes the starting point for a far more fundamental view of the translation process.
To begin with one has to appreciate that the structure of the anticodon arm can not be considered in isolation; if tRNA is not so solid as a "building block" this structure may be a function of its immediate environment. Thus, the reasonable milieu in which to consider it is within the translation mechanism proper. Moreover, this structure may not be a structure at all. A dynamic tRNA could undergo a variety of structuraltransitions during the translation process. Therefore, one has to consider in addition to the above arguments the fact that two adjacent codons and their anticodons can form a double-helical segment six base pairs in length during translation [t 8]. Such a sextuplet duplex structure is compatible with the + and --conformations of the anticodon arm if the nth tRNA (the "peptidyl" tRNA) adopts the + conformation, and the n+tth tRNA (the "aminoacyl" tRNA) assumes the --conformation. In doing so a single coaxial double-helical structure of 20 base pairs equivalent length can be formed (see Fig. 2 ), involving the two tRNA anticodon arms and the corresponding two codon stretch in the message RNA. This large structure, called the "translation complex" has several important consequences. It tells us that during translation the anticodon arm of a tRNA undergoes a conformatiohal change--from the --to the + form. Furthermore, the transition from --to + conformation necessarily displaces the preceding codon and tRNA from the coaxial helix and simulataneously creates a situation in which the succeeding codon and its tRNA can now form such a coaxial helix (which was impossibIe before the transition) (see Fig. 3 )-In other words, the --to + transition in the anticodon arm is a mechanism for moving the message RNA through the translation apparatus (by a ratcheting type of action) [40] .
Here then is a simple molecular mechanism about which a translation process can be built. You will note that ineffect it reverses our preconceptions concerning tRNA and ribosome. The static, passive tRNA has become the central dynamic entity in translation. Tile "division of labor" that had previously assigned codon recognition to tRNA but mRNA and tRNA movement to the ribosome, is now gone; both functions are properties of tRNA. Now the ribosome is "passive"--i.e., it has nothing of importance left to do in the translation process. [I say this last merely for shock value. While one no longer looks to the ribosome to provide specific functions in translation--except perhaps" trivial "functions such as peptidyl transfer--it is the problem of what the ribosome is doing that is the interesting and fundamental biological question. If I am correct, the biologist will ultimately find in translation (the ribosome) those fundamental biological mechanisms he has missed so far in studying the "better understood" process, gene replication. The base pair will prove to be "too good"; it is deceptively "specific".] The molecular mechanism for translation just described is almost simple enough that one can with confidence invoke it as the archetypal translation mechanism. Its sole drawback is the size and complexity of the modern tRNA molecule. Since the mechanism described above is confined to the anticodon arm of tRNA, I would consider the tRNA archetype to be of comparable dimensions; i.e., a molecule that is a short (about 20 nucleotides in length) self-complementary polynucleotide. In any abiotic primitive environment capable of producing polynucleotides, self-complementary varieties are among those whose existences are most easily rationalized.
Restricting the complexity of the archetype tRNA in this way creates certain problems, such as the point of amino acid attachment, and amino acid "recognition"--but the latter would be a problem in any world devoid of activating enzymes. Amino acid "recognJtion" is a property of highly evolved proteins only; it is not manifested by individual amino acids nor by polypeptides (in this case unevolved protein). Polynucleotides today seem not to be capable of amino acid recognition, nor do their simpler counterparts, unevolved polynucleotides and small oligonucleotides. However, we are not concerned with amino acid "recognition" as it occurs in modern cells. As discussed above, what is needed is a crude form of discrimination that would produce "group" codon assignments. In a pretranslational world, devoid of highly evolved proteins, polynucleotides (which could have undergone evolution to some extent) are as good candidates as polypeptides for this crude recognition function, perhaps better.
(The purine and pyrimidine bases do exhibit a rich variety of reactivities, being at least as versatile in this regard as the more complex amino acids, such as histidine and tryptophan.) Thus, having no better canditate available, I would look to self-complementary nucleic acid "loop" structures and the like to provide the necessary crude discrimination among amino acids. The fact that the possible configurations these structures can assume are quite severely limited by their secondary structure could give them properties (" recognition" being one example) that would not be apparent from a study of simpler polynucleotides [41] . I do not suggest this possibility as an exercise in unbridled speculation. The hypothesis is readily testable now that the chemist has the capacity to produce such loop structures [42, 43] .
To complete the picture I would suggest the simple archetype tRNA carried its amino acid or growing peptide chain on the 3' anticodon-adjacent adenine residue, in a covalent link to the amino group of the latter [41] . The reason for such a detailed conjecture lies in the following circumstantial evidence, a peculiarity of the transfer RNA molecule. The modified adenine residue lying on the 3' side of today's anticodon clearly plays a most important role in translation. Absence of this particular modification has a pronounced effect on the hydrophobic-hydrophilic partitioning of a tRNA and its capacity to interact with codons [44] . The types of substitutions encountered at this position seem qualitatively different from the other base modifications found in transfer and ribosomal RNAs. For example, bacterial tRNAs responding to U I codons all have an isopentenyl-thiomethyl substitution on this adenine residue; A I responding codons utilize a "threonyl" substitution here [45, 46] . The evolutionary origin of so unique a substitution could itself be unique. I would propose that it reflects an aboriginal association of the amino acid with this particular base. [Note in this context that U I codons are for the most part associated with aromatic amino acids, and that the isopentenyl-thiomethyl substitutions have "~-electron-like" character; while the A I codons cover the amino acids threonine, isoleucine, and serine (among other)--all to one extent or another reminiscent of the substitution carried on the corresponding anticodon-adjacent residue.] Unpublished studies with molecular models (CPK) show that were an amino acid and a peptide linked in the above fashion, each to one of two proto-tRNAs forming a translation complex (Fig. 2) , than a "peptidyl transfer" is sterically permissible during the --to + transition [41 ~. Studies on the chemical reactivities of (umnodifled) RNA loop structures with activated amino acids (or vice versa) may prove most interesting.
Evolution o/the Ribosome and Biological Speci/icity
At this point we have arrived at a simple mechanism that can provide a "basic design" for translation. The mechanism itself serves as the evolutionary starting point. What evolution has elaborated about it is the translation apparatus today. There is, I feel, a general lesson to be learned here concerning the nature of biological specificity--which must be appreciated in order to understand the ribosome. On the most superficial level the lesson is this: There are no molecular Rube Goldberg machines. Every molecular process that shows biological specificity has a basic design; in each case there must be a simple, "primitive" interaction (process) upon which evolution has superimposed a specificity. [The basis for translation is not an (unknowable) historical accident.]
One must distinguish the primitive interaction that is rendered specific from the entity (or process) that renders it so. The latter alone has to do with biological specificity. Thus, for example, the base pair should not be viewed as a manifestation of biological specificity;' it is merely an interaction that is rendered specific (by the device responsible for gene replication).
In wrongly focusing upon what is rendered specific we automatically emphasize the idiosyncracies in each occurrence of biological specificity and miss the common features, the principles underlying biological specificity. As viewed today, specificity on one level of biological organization has nothing to do with specificity on some other level. Enzyme specificity has no real connection with specificiLy in animal behavior, for example. This is an unavoidable consequence of a conceptually fragmented science held together solely by a thin reductionist thread. Biological specificity is fundamentally the same no matter where it is encountered. Future biology must come to realize this, just as it must realize that the essence of biological specificity is not to be found simply in the myriad examples of its all around us. Its essence lies in the fact that it evolves. Biological specificity is aprocess--Whitehead calls it" concrescence"--we have been focusing on static time slices through this process. Biological specificity is part and parcel of the problem of "macroorder" emerging from a "microuniverse"--the passing from one level of organization to another E47, 481. A "primitive process" on one level becomes the basis for the elaboration of a "macroentity" on the next level, which renders the primitive process specific. Hence, the main questions regarding biological specificity have to do with the" evolutionary structure" of the macroentity--its hierarchical structure, the manner in which it arises, the relationship between the nature of this entity and the constraints it places on the underlying interaction. As discussed above, the ribosome can no longer be viewed in the conventional way: it is not directly responsible for any of the major functions in translation; in this sense it might appear passive. However, from what has just been said, the ribosome is what gives biological specificity to translation. (This is not to ignore activating enzymes, of course.) The initial problems in probing the evolutionary structure of the ribosome are again largely conceptual; what are the important parameters or properties that have to be characterized ? In the overall, some relationship must be defined between the mass of the mechanism, its accuracy, and the speed with which it functions ~20]. "Mass" in this case is not measured in daltons; it is some "effective mass", more a measure of the number of components in the device. "Accuracy" {s, as discussed above, not a simple mistake frequency, but more a discrimination measure. "Speed" of course, is the maximum rate at which the device can process codons, but its real meaning is hidden in the internal workings of the device. Over and above this is the question of the nature of the individual functional units in the device. These are not necessarily proteins or individual nucleotides, etc.--just as words or letters are not necessarily the basic functional units in language. What are the general properties that make them functional, and the rules for their coupling (interaction) ? And finally what are the rules for evolving such a device--the stages in its design ? The molecular geneticist tends to view ribosomal RNA as a framework, a scaffolding, upon which to position the "real" functional units, the ribosomal proteins. This is merely one more example of the static way in which nucleic acids have been treated. Here I will adopt the opposite view (with a touch of overemphasis for heuristic purposes). The basic functional units in the ribosome are assumed to be in the RNAs.
As mentioned previously the "loop-stalk" configurations characteristic of transfer RNAs (e. g., the anticodon "arm") are prevalent in ribosomal RNAs as well [241. These may be the ribosome's functional units, for they seem to share one characteristic that would make them important. They are allosteric; they can exist in (at least) two quasi-stable conformations. That biological macromolecules are allosteric is one of the most important discoveries in all of biology, (And Monod more than any other molecular biologist must be given credit for recognizing this.) However, I feel we have yet to comprehend the full extent to which a11osterism is woven into the fabric of biology. As we are beginning to see here, molecular allosterlc behavior is not confined to protein; in fact, evolution seems to bring forth allosteric elements on all levels of biological organization. In the ultimate analysis it may be more important that an element is allosteric than that it is composed of this or that kind of subunit--for the essence of all biological organization may lie in bistable (multistable) dements. Properties of systems of coupled bistable elements have been investigated to some extent, and are, to say the least interesting E49, 50]. To give an example--consider a system comprising a reasonably large number of suitable coupled bistable elements. The system would then possess 2n different configurations, or microstates. If a certain subset of the microstates gave the system as a whole a distinct property, caused it to interact in a characteristic way, then we could speak of a macrostate of the system (as a whole). An important property of such a system is that random perturbations (changes of state in individual bistable elements) cannot take the system from one microstate to a (totally) different microstate in a short period ~f time. Thus, if the, system exhibited distinct macrostates, thermal transitions between them could be made inappreciable merely by virtue of the fact that n (the number of elements) is large 5. What would bring about a macrostate transition however, is the supplying of information (plus a little energy)--say in the form of a specific macromolecule. Thus, these systems can create "barriers" between macrostates impossible to surmount by thermal energy alone, no matter how great, but barriers around (through) which the system can pass (tunnel) if given information. (The analogy of a maze through which it is practically impossible to pass without a map is perhaps better.) Thus I postulate that the ribosome is basically a collection o/ coupled bistable elements so arranged as to "buffer" the basic tRNA rateheting mechanism from the> real perturbations. Furthermore, this arrangement somehow makes "recognition" of codon by transfer RNA a more accurate process than it would otherwise be. The evidence bearing on this last point though small in amount is most intriguing in its implications. A number of treatments of the ribosome--e, g., mutational alterations, antibiotics, or the like--cause translation to become less accurate than normal ~51]. In itself this is not overly interesting, but a related phenomenon is. Ribosomal phenotypes selected for resistance to the antibiotic streptomycin often (if not always) exhibit the totally unexpected property of translating more accurately than wild-type ribosomes [5t J. A proper, thorough scrutiny of this phenomenon is warranted, for were a definite inverse relationship between speed and accuracy of translation to emerge, we would be on the track of some general fundamental principle in the workings of the mechanism. It is premature to consider in any detail how the postulated bistable elements are coupled--i, e., the detailed design of the machine. The general problem here, however, is not simply designing and building a present-day ribosome. As we have seen, it is designing a first-generation machine, whose design leads to a better, second-generation, mechanism, and so on. In this design evolution any increase in discrimination and/or speed requires a significant increase in the mechanism's mass (number of components). I have argued elsewhere that such design changes must involve discontinuous, quantized changes in size of the mechanism [35 ] . This is in effect a general principle in machine design; one does not often radically improve any mechanism by slightly modifying (adding a few new parts) its original design. Rather profound changes, additions of many more components, new types of components, whole new submachines, are required. The limited data now available seems to indicate that evolution of the ribosome in particular, and of macromolecular complexity in general proceeds in this way; two identical machines become coupled, through some "dimerization" operation, and then evolutionary events modify one of them in order to improve, create "fine tuning" for, the function of the other [35J. In other words, the stages in ribosome evolution are to a large extent defined by a series of doublings in size of the RNAs, accompanied by comparable increases in the number of associated proteins. Such a genesis is experimentally testable, provided that the similarities among components that would prove their common ancestry have not been obliterated by the evolutionary process. This mode of genesis of the ribosome in turn suggests a general manner in which the individual bistable elements might be coupled. In effect the structure of the ribosome would be an hierarchy of units, each unit on a "higher" level comprising two (or more) units on the next lower level, and so on. The coupling would reflect this. Coupling would in effect occur among units as wholes on each level--as opposed to a simpie coupling on the level of the basic bistable elements alone [52] . I feel that once one treats these systems on more than a superficial descriptive level, interesting and fundamental problems will arise, problems conceivably akin to some in basic physics [52, 54] . Since the terms I have used to conceptualize the ribosome are rather general and in any case are quite unlike the customary "site", "factor", "subunit " terminology, it is perhaps usefulto relate the ribosome's evolutionary structure to the conventional view. The central dogma for translation is the A-site-P-site model [55, 56] . (I use the term "dogma" purposely, for this model is presented in text books, etc., to the student as though it were established fact, although all its critical features remain unproven.) In essence the model states that the tRNA enters an "A site" on the ribosome, where it reads the codon. Next (i. e., after peptidyl transfer) the tRNA and attached codon are "translocated" to a second, or "P" site, from which the preceding tRNA, now discharged, is simultaneously ejected. In this way theA site is freed for the entry of the succeeding tRNA and its codon. Entry into the A site is facilitated by certain "T factors" and a GTP energy source. The "translocation" is facilitated by a "G factor"; again using a GTP energy source in some manner. The main features of the model then are: (a) the assumption of two kinds of sites, A and P, and (b) a unidirectional movement, or translocation, of tRNA and associated codon between the two sites. Such a mechanism is an asymmetric, serial processing device. The A-site-P-site dogma is not a true molecular model. The model discussed above (Figs. t, 2, and 3) is. Hence the two are not comparable. The former speaks of the ribosome, in terms of ill-defined "sites". The latter does not speak to the problem of the relationship between the basic translation complex (Fig. 2) and the ribosome. However, the latter is a symmetric mechanism, and as such. suggests the ribosome to be a functionally symmetric structure as well ~401. (This is an esthetic, not a necessary, consequence of the symmetry in the molecular level model.) The site-level model for the ribosome thereby suggested runs exactly counter to the A-site-P-site dogma. In the former case the ribosome would still contain two translation "sites", but these would not be of different kind; they would be functionally identical. A tRNA would enter and remain in one these sites~i, e., there would be no translocation. Instead, a transition in the state of the site, the gross accompanyment of the --to + transition in the anticodon arm seen in the molecular level (Fig. 3) would occur. In this way, all the even-numbered codons are processed in one of the sites, the odd-numbered codons in the opposite site [40] . Evidence for functional symmetry in the ribosome is not overwhelming at present, to say the least. But in fairness, characterization of the ribosome and translation is still at a primitive stage. No proteins on the 30S ribosomal subunit exist in two copies per particle. However, one instance of two very closely related 50S proteins has been reported (57). In any case, the 5oS subunit appears to be "double" the 30S subunit in a number of respects. Far more extensive characterization of the primary structure of the 50S and 30S proteins than now exists is required to resolve this question. A search for primary structural relatedness between halves of the 23 S rRNA has begun. The fact that little evidence exists for two-fold symmetry in the ribosome stems from the 50S but not the 30S subunit, leads one to entertain an interesting notion~interesting because once again it introduces a more dynamic element into the generally static mode of viewing translation. Even were the 30S subunit to be structurally asymmetric, it could nevertheless function symmetrically. For example, a two-fold symmetric 50S subunit could hold (in two functionally equivalent sites) the two tRNAs of the translation complex (Fig. 2) . A 30S subunit containing one "complementary" site could be positioned so that it rotates about the axis of symmetry of the 50S subunit, and thereby effects state transitions in first one, then the other of the 50S sites and associated tRNAs, and so on [581. (Incidentally, given that the 5S rRNA is required for 30S-50S association, and that the 5 S rRNA will bind specifically to the 30S subunit under the proper conditions, I would suggest that function of this small RNA is to act as a "pivot" in such a "rotating ribosome" [59, 6@) Perhaps the most promising approaches to the ribosome in the immediate future are (a) those that would yield the genealogies of the RNAs and myriad proteins associated in one way or another with the translation apparatus, and (b) those that define evolutionarily conserved--ancient as well as important--features in the translation apparatus, and (c) those that elucidate the in vivo assembly of the ribosome--a process that must, in a crude way at least, reflect ribosomal evolution. The amount of data at this point in time does not warrant a detailed discussion of the genealogies, etc., of the components of the translation apparatus. I would merely restate as a general principle the prejudice that whatever functions are ultimately assigned to various proteins, groups of proteins, etc., will be "merely" to increase accuracy in, to add specificity to, functions inherent in simpler underlying processes. It is interesting to note in this regard that many of the proteins whose functions already have been to some extent defined, seem not to be necessary in their roles, but rather" facilitate" various processes in translation. One word should be said about the so-called "G" and "T" factors. I mentioned that the ribosome may be some sort of "biological maze"--an entity that (today) cannot pass from one macrostate to another without addition of inJormation. The G and T factors are prime candidates for this role--one for the one direction, the other to return. (A complex system does not generally return to a given state by the same path it left that state.)
In the final analysis we are not out to explain the ribosome in terms of "site" models, models that are basically classical and macroscopic mechanisms. The ribosome most certainly is a molecular machine, and has to be understood in appropriate terms. At very least it is not insensitive to thermal buffeting; hence, coping with perturbations without becoming macroscopic is one of the major problems in its design. And, as I have said, there just might lie ahead some fundamental problems in this design.
Conclusion
In considering the evolution of the genetic code one is inevitably led to a new outlook on biology. The problem is not what it initially appears; and in attempting to come to grips with it, one's basic biological prejudices must be reexamined. More than any other biological problem in recent times, the genetic code demonstrates the far-reaching effect of the underlying ethos, the paradigm, on the scientific approach. To the molecular geneticist the genetic code was a mere set of codon assignments whose elaboration was the swan song of a glorious era in biology whose crowning achievement was the elucidation of the structure and mode of replication of the gene. To the evolutionist the molecular basis for gene replication is merely a first step, the genetic code the second, in a trail that leads ever deeper into the nature of evolution, and so the ground structure of the universe. In any case, one thing is certain: why phenylalanine is assigned UUU (the conventional framing of the problem of evolving a genetic code) is basically irrelevant.
The problem has to do rather with the gradual elaboration of a ribosome (and its entourage of factors, etc.) about a basic translation process, and how the basic process takes on increasing levels of discrimination thereby. Ambiguity in codon and amino acid recognition gives way to mere inaccuracy. Longer and longer messages can be processed without disastrous interruptions. Ultimately the precision (discrimination) of the mechanism reaches a point (in its modern versions) where inaccuracy, where noise, no longer places limitations upon the types of proteins that can evolve. Evolving a genetic code is not some idiosyncratic historical accident. It is not a study in particular structures (molecules, codon assignments) and how they change with time. Even viewed simply, the genetic code is a general study in evolving specificity at the macromole~ cular level. It could be gene replication or any other macromolecular process; all will evolve, increase in specificity, along the same general lines. Perhaps the most fundamental consideration to emerge from the study of the evolution of the genetic code will be the real significance of biological specificity. As we have seen, what is called biological specificity is undoubtedly only a static slice through a process, the process of macroorder emerging from a microuniverse. We must view biological specificity not in terms of what is rendered specific, not in terms that make specificity on one level of biological organization totally unrelated to specificity on some other level, but in terms that bring forth the general principles of biological specificity--the hierarchical structure of the macroentities that confer biological specificity on an underlying process, the rules by which biological specificity evolves (i. e., the mode of concrescence of the "macroentities"), the general changes that occur in the underlying process when incorporated in the macroentity. Clearly the study of evolution of the genetic code will have much to say about the utility of a reductionist view of the universe.
